Abstract: Serum albumin is regarded as an important and indispensable protein, but analbuminemic rats established by Sumi Nagase in 1977 seems to exhibit few symptoms in spite of an almost total lack of albumin in the serum. The albumin gene of analbuminemic rats was found to have a seven-base-pair deletion in an intron, close to exon-intron junction, resulting in the formation of non-functional mRNA in hepatocytes. Immunostaining for albumin was negative in young analbuminemic rat hepatocytes, but a significant number of immunoreactive hepatocytes were observed in aged rats. The incidence of immunoreactive hepatocytes increased with aging. Surprisingly, many immunoreactive hepatocytes were observed after hepatocarcinogen treatment sometimes in large clusters. Albumin transcripts in analbuminemic rat liver after treatment with carcinogen, showed an altered pattern of exon-skipping. The altered albumin molecules thus synthesized accumulated in cellular organelles. Analbuminemic rats exhibited a high sensitivity in various organs to different types of carcinogens. Further challenges remain regarding the biology of analbuminemic rats.
lished an excellent review on the genetic background and the biological characteristics of analbuminemic rats in Science.
1)
We had the good fortune to learn of this unique rat strain from Nagase, who telephoned one of the authors (TS) to convey the exciting news about her discovery of the mutant rat. She complained that nobody believed her surprising discovery but Nagase brought an electrophoregram of the serum proteins of an analbuminemic rat to our laboratory and, as shown in Fig. 1 , the absolute lack of albumin band was clear. We therefore launched a collaborative study to elucidate the underlying molecular mechanisms.
Elucidation of the molecular mechanism responsible for the total absence of albumin
The first task was to isolate the albumin gene from analbuminemic rats. One of authors, HE, tried to sequence the albumin gene and the adjacent regulatory region. Then, while attending a Gordon Research Conference on Cancer, New London, Con- 
21)
necticut, in the summer of 1979, TS visited Alfred Knudson at his Institute, Fox Chase, Philadelphia and took the opportunity to discuss this rat strain with Shirley M. Tilghman, who had just isolated a cDNA clone for rat albumin.
2) Knudson arranged for her to provide us with the clone and this greatly accelerated our progress.
It soon became clear that the seven bases were missing in one of the 14 introns, intron (H-I) of the gene in the analbuminemic rat, as shown in Fig. 2 . The loss started from the fifth base from the intron (H-I) junction. Abundant immature albumin mRNA was found to accumulate in the nuclei of the hepatocytes of the mutant animal, but mature and functional albumin mRNA was absent in the cytoplasm.
3)-5)

Synthesis of α-fetoprotein and albumin and albumin mRNA
It is well known that α-fetoprotein is synthesized in the embryonic liver and replaced by albumin 2-3 weeks after the birth. As expected, in alb+/+ control rats, serum α-fetoprotein concentrations reached a maximum just after birth, about 10 mg/ml, and gradually decreased to almost undetectable level at 4 weeks thereafter, with concomitant increase of serum albumin concentration. In analbuminemic rats (alb−/−), changes of serum α-fetoprotein concentrations mirrored those in normal rats, but the serum albumin concentration did not increase after birth at all, suggesting that shut-off of α-fetoprotein gene transcription took place despite the lack of albumin increase (Fig. 3a) . Consistent with these findings, immature mRNA for albumin began to appear from 1 week after birth and increased further during the following a few weeks as in the normal rat (alb+/+) liver (Fig. 3b) . This phenomenon indicated that the switch-on and -off mechanisms for α-fetoprotein and albumin occurred at the gene-transcription level.
6)
Age-dependent appearance of protein reactive with anti-albumin antibody in serum and liver
When formalin-fixed sections of the livers of analbuminemic rats were subjected to immunostaining using anti-albumin antibody, the entire liver was found to lack staining. However, mysteriously the presence of cells immunoreactive to anti-albumin antibody (immunoreactive cells) was noted at a rate of one per several microscopic fields under 100-times magnification. Interestingly, very minute amounts of a serum protein reactive with anti-albumin antibody were also present in alb−/− rats, and increased with age, as shown with open circles in Fig. 4 . Indeed, clusters of several cells that were immunoreactive with the anti-albumin antibody were readily detectable in aged alb−/− rats, and their incidence increased over time. We suspected phenotypic reversion of albumin-negative cells to albumin-positive cells were not able to prove this at the time. Consistent with this idea, serum concentration of protein reactive with anti-albumin antibody increased in carcinogen-treated rats more significantly than in untreated rats, but the effect of carcinogen treatment on increment was about 2 fold over that in untreated rats (Fig. 4) .
7)
Dramatic increase in immunoreactive cells in the livers of alb−/− rats with hepatocarcinogen administration
We were further surprised to observe an increase in the number and size of clusters of immunoreactive cells in the livers of alb−/− rats after feeding a diet containing a typical hepatocarcinogen, 3'-methyl-4-dimethylaminoazobenzene or 2-acetylaminofluorene ( Fig. 5a and b) . Very large foci of immunoreactive cells were then observed, along with numerous isolated immunoreactive cells and small foci. As described previously, there was a concomitant increase in protein immunoreactive with anti-albumin antibody in the serum, but this was far less prominent than the increase in immunoreactive cells (Fig. 4) . In other words, there was an apparent discrepancy between the increase in reversion of cells (more than 1000 fold) and protein in the serum, (limited to about 5 fold). Our interest was further stimulated by the finding that a carcinogen like N, N -diethylnitrosamine, which ethylates DNA bases but does not form bulky DNA base adducts, did not cause significant increase in immunoreactive cells. As revealed subsequently, the exon skipping phenomenon occurring in the livers of alb−/− rats may be related to the mode of action of carcinogens that form bulky DNA-base adducts.
Mechanism of expression of the immunoreactive protein
How was it possible to convert hepatocytes missing seven bases in an intron of albumin gene to cells able to produce albumin molecules? To answer this question, we isolated albumin mRNA from the foci of immunoreactive cells. Overcoming various daunting problems, we eventually succeeded in identifying albumin mRNA that could be translated into albumin protein with a smaller molecular weight than standard albumin. A summary of the results is schematically represented in Fig. 6 . The amounts of cytoplasmic albumin mRNA in the livers of young alb−/− rats not treated with carcinogen was only trace compared to the levels in alb+/+ rats, but most cytoplasmic albumin mRNA was missing only exon H and had been formed by exon skipping between exons G and I.
With the hepatocarcinogen administration to alb−/− rats, cytoplasmic albumin mRNA missing both exons G and H or exons H and I increased, indicating that splicing occurred between exons F and I (G and H exon skipping) and between exons G and J (H and I exon skipping).
8) 'Albumin' formed from the mRNAs produced by these alternative exon skipping would be expected to have different structures of the C-terminal portion and thus differences in intracellular localization. 'Albumin' accumulation and altered subcellular localization was observed by immunoelectron microscopy in the liver and altered subcellular localization was further confirmed by expression of albumin mRNAs produced by different The serum AFP concentration was measured by a single radial immunodiffusion method using a specific antibody against AFP. RNA was extracted from rat liver nuclei and quantitated by a method involving RNA-cDNA hybridization followed by S1 nuclease digestion (Modified from Cancer Res. 42, 306-308 (1982)).
6)
examples of exon skipping in COS cells followed by immunofluorescence microscopy. 9), 10) 'Albumin' produced by mRNA derived from H and I exon skipping was found to be distributed in the Golgi apparatus, endoplasmic reticulum, and secretory vesicles, although normal albumin is secreted quickly from cells. The mechanism of the accumulation was assumed to be impaired excretion of short sized albumin molecules by COS cells and by hepatocytes from carcinogen treated animals. Such an impairment might also occur with other proteins produced by altered splicing fidelity and/or specificity during carcinogenesis and may be one typical epigenetic change occurring during neoplasia.
It is now well documented that very many factors are involved in splicing, including nucleases, specific binding proteins, kinases, and phosphatases.
11)
This means that the number of genes targeted by carcinogens producing bulky DNA adducts is enormous, and the yield of mutated protein species in relation to splicing should account for a high yield of phenotypic reversion.
Dramatic change in susceptibility to chemical carcinogens
We also investigated the sensitivity of alb−/− rats to carcinogens. Remarkably high sensitivity to N -butyl-N -(4-hydroxybutyl) nitrosamine in- AE-AE, N, N-diethylnitrosamine-treated rats; Å-Å, control rats.
duction of urinary bladder cancer (Fig. 7) was a very early finding. 12) Several carcinogenesis experiments were subsequently conducted and the results are summarized in Table 1 .
13)
In addition to N -butyl-N -(4-hydroxybutyl) nitrosamineinduced bladder carcinogenesis, alb−/− rats showed remarkably elevated sensitivity to kidney carcinogenesis induced by dimethylnitrosamine, gastric carcinogenesis induced by N-methyl-N'-nitro-Nnitrosoguanidine, breast carcinogenesis induced by 
7,12-dimethylbenz[a]anthracene, colon carcinogenesis induced by azoxymethane, and subcutaneous carcinogenesis induced by 3-methylcholanthrane, as compared to their counterpart alb+/+ SpragueDawley rats. These differences in sensitivity may be explained either by altered metabolic activation and inactivation of carcinogens in the liver and other organs, or by transportation of carcinogens and their metabolites through binding to serum albumin.
Implications of alternative splicing and exon skipping for carcinogenesis
Alterations in the primary structure of genes, copy numbers of genes, and transcriptional regulatory genes involved in carcinogenesis have been well documented as mechanisms contributing to carcinogenesis. In addition to such alterations, structural and functional changes of proteins through different patterns of alternative splicing of gene transcript have attracted the attention of cancer biologists. This may be a new and important paradigm for carcinogenic pathways. Typical examples of functional alterations of key proteins due to changes in splicing patterns of mRNAs involve the epidermal growth factor receptor, fibronectin, CD44, and MDM2.
14), 15) In addition, mutations and deletions of splicing cis-acting sequences have been established as causes of inactivation and alteration of gene function in many human cancers.
14) These findings imply that alterations in mechanisms controlling posttranscriptional maturation to formation of functional mRNA may play important roles in carcinogenesis. This is a novel concept of intertwined genetic and epigenetic mechanisms underlying carcinogenesis.
Returning now to analbuminemic rats, the genetic defect is a 7-base-pair deletion in an intron of the serum albumin gene that causes a functional inactivation of 5'-end of an intron in mRNA splicing. With aging, and, more strikingly, upon hepatocarcinogen treatment, the pattern of exon skipping changes dramatically.
8) It is also interesting that the efficiency of 'apparent reversion' varies with the mode of action of the carcinogen.
16) It is well known that enzyme altered foci with changed expression of glutathione-S transferase, for example, are induced in the liver by hepatocarcinogens and their distribution is somehow similar to that of the appearance of albumin-immunoreactive cells. Therefore, it is of interest to elucidate whether there might be common mechanisms of induction.
Future perspectives
The background level of serum albumin reactive with anti-albumin antibody in the analbuminemic rat is very low, and thus it provides an ideal model for gene therapy. The physiological changes that occur to maintain protein osmotic pressure in serum are of interest and hyperlipidemia is observed in the analbuminemic rat. About 40 human cases of analbuminemia have also been reported, most of them not exhibiting clinical manifestations 17) other than hypercholesterolemia, especially LDL-cholesterolemia. Lipodystrophy has furthermore been described in some human analbuminemic subjects.
18)
Serum albumin is normally the most abundant serum protein and is thought to be exclusively produced in the liver. Because the absence of serum albumin background, it is possible to ask if any other organ or tissue synthesizes serum albumin formed by exon skipping under physiological or pathophysiological conditions in the Nagase analbuminemic rat.
The urinary bladder, kidney, colon and stomach of analbuminemic rats show extremely high sensitivity to carcinogens that specifically induce cancers in these organs, but the mechanisms underlying this hypersensitivity have yet to be elucidated. Since serum albumin is one of most important carriers of hydrophobic compounds, the pharmacokinetics and pharmacodynamics of carcinogens could clearly be altered by its absence. Hyperlipidemia has recently been found to be one of the most crucial characteristics determining the incidence of colon cancer in min mice which have a mutation in the APC gene and are a model of familial polyposis. Colon carcinogenesis can be suppressed by lowering hyperlipidemia in this animal model of genetic colon cancer. 19) Hyperlipidemia or hypercholesterolemia in analbuminemic rats may thus be related to their hypersensitivity to carcinogens.
Some genetic defects are caused by mutations at splice junctions, and alternative protein products may be deleterious, especially in non-cycling cells, such as neurons. Supplying wild-type protein by gene transfer appears inadequate to overcome problems, and release from the original defect may be required to restore wild-type protein synthesis.One intriguing possibility is that suppression of the impaired splicing caused by the mutation might be possible by introducing altered splicing machinery using this analbuminemic rat as a model. Elucidation of the in vivo mechanisms responsible for the lack of serum albumin and physiological compensation for the lack of this normally most abundant serum protein was carried out more than two decades ago. However, the recent tremendous advances made in gene, transcript and protein analysis technology, should now make it possible to elucidate the molecular mechanisms more precisely and facilitate practical application of our understanding. Knocking out of albumin gene in mice having various genetic backgrounds must be of most interesting, but no such information is available at present.
